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Abstract 
A second compact accumulator is in use because a leakage occurred in the large welded bellows of the original accumulator in 
2010. However, the present accumulator has the drawbacks, including a lower pressure tolerance and large hysteresis during 
expansion and contraction, which can decrease the number of cycles to failure. In response, we developed new welded bellows 
with a pressure tolerance of 2.0 MPa and a hysteresis-free accumulator with a levelness accuracy of less than 1°. This 
accumulator has been confirmed through its commissioning to meet design requirements. 
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1. Introduction 
At the J-PARC spallation neutron source, high-energy MeV-order neutrons generated from a mercury target are 
reduced to the appropriate energy level (meV order) in three types of hydrogen moderators (coupled, decoupled, and 
poisoned). Fig. 1 shows a schematic of the J-PARC cryogenic hydrogen system, which provides supercritical 
cryogenic hydrogen to the moderators at a pressure of 1.5 MPa and temperature of 18 K and removes 3.8 kW of the 
nuclear heating for the 1 MW proton beam operation. The temperature rise is estimated to be 2.4 K at a circulation 
flow rate of 0.19 kg/s. There was concern that the slight temperature rise would lead to a large pressure increase in 
the hydrogen loop since the supercritical hydrogen behaves as an incompressible fluid. We prepared a heater for 
thermal compensation and an accumulator with a bellows structure for volume control, so as to mitigate the pressure 
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fluctuation caused by the proton beam on and off below the allowable pressure of 0.1 MPa. The accumulator has 
both internal and external bellows structures. The internal bellows consists of a series-connected welded bellows 
blocks installed in the 1.5 MPa hydrogen loop; helium gas is enclosed in the internal bellows and the variable 
volume is 6.84 L. The external bellows, in which helium gas is enclosed, is exposed in the vacuum chamber and 
consists of formed bellows blocks. The top of the external bellows and the bottom of the internal bellows are 
connected by a long shaft. The displacement of the internal bellows from the external bellows is indirectly measured 
by a laser displacement meter. 
The cryogenic hydrogen system is in operation since May 2008, Tatsumoto et al. (2010). A leakage through the 
welded bellows was identified before the cool-down operation in 2010. Investigation revealed that the leak was 
caused by a lack of weld penetration between the large-diameter (520 mm) bellows plates. A compact accumulator 
was developed to resume the stable proton beam operation as soon as possible. The diameter of the welded bellows 
was decreased from 500 mm to 330 mm to ensure the weld penetration. The allowable pressure difference between 
the inside and outside of the welding was reduced to 0.94 MPa, which is lower than the design pressure of 2.0 MPa. 
The second accumulator was successfully installed into the hydrogen loop in August 2010. Stable operation of the 
cryogenic hydrogen system has been conducted using the second accumulator at a proton beam power of 300 kW. 
However, it is estimated that a large hysteresis, resulting from expansion and contraction, should reduce the number 
of cycles before failure. Furthermore, if a rupture disk goes off, a pressure difference of more than 1.5 MPa may be 
temporarily applied to the welded bellows. 
It is planned that, after summer 2014, the proton beam power will be increased towards our goal of 1 MW. We 
have developed a third accumulator with a higher pressure tolerance and long failure life cycle to achieve the long-
term stable operation of the 1 MW proton beam. Further, we plan to adopt a new partitionable structure to replace 
the accumulator more easily and shorten the replacement process.  
 
Nomenclature 
g Gravity acceleration  
Kf  Combined spring constant of a formed bellows block 
kf  Spring constant of a formed bellows block 
Kw Combined spring constant of a welded bellows block  
kw Spring constant of a welded bellows block  
m Net mass of bellows 
'Pf Differential pressure of the formed bellows 'Pw Differential pressure of the welded bellows 
Sf Cross-sectional area of the formed bellows 
Sw Cross-sectional area of the welded bellows 'V Volume change of the welded bellows 
'x Welded bellows displacement from the natural length 
2. Development of a high pressure proof accumulator 
2.1. Second accumulator 
Details of the second accumulator design have already been described in a previous paper, Tatsumoto et al. (2012). 
Both the internal and external bellows are made of stainless steel. The external bellows is assembled with 12 formed 
bellows blocks with a spring constant, kf, of 189 N/mm. The internal bellow is assembled by five welded bellows 
blocks with a spring constant kw, of 200 N/mm. Each welded bellows block has a diameter of 330 mm, an 
unrestricted length of 85 mm, and a bellows plate thickness of 0.4 mm. The internal and external bellows are filled 
with helium gas with a pressure of 1.6 MPa, which is higher than that of the hydrogen loop. The allowable pressure 
difference between the inside and outside of the welded bellows is 0.94 MPa, with the bellows cycle to failure 
estimated to be 105 cycles. The allowable pressure difference in the formed bellows is bellows is 2.1 MPa. During 
normal cryogenic operation, the pressure difference of the welded bellows'Pw is maintained below 0.1 MPa.  
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Fig. 1. Schematic of the J-PARC cryogenic hydrogen system.      Fig. 2. Displacement characteristics of the second accumulator. 
 
Fig. 2 shows the behavior associated with the expansion and contraction of the second accumulator, including a 
large hysteresis and maximum 'Pw of 25 kPa. Although the design value of kw was 200 N/mm, we see from Fig. 2 
that the actual spring constant increased from 256 to 719 N/mm due to the large hysteresis. Further, we observed 
that the formed bellows become partially deformed. We assumed that the guide ring of the welded bellows touches 
the support guide during expansion and contraction and consider the large hysteresis to cause a decrease in the 
number of cycles to the bellows faliure. When the Great East Japan Earthquake occurred in 2011, the cryogenic 
hydrogen system automatically stopped by the interlock due to the blackout and loss of pneumatic pressure. 
Hydrogen was discharged through the vent line as expected. The 'Pw value temporarily increased to 0.6 MPa just 
before hydrogen discharge. An accumulator with a higher pressure tolerance and higher cycles to failure is required 
to achieve a reliable long-term operation of the cryogenic hydrogen system for a proton beam power of 1 MW.  
2.2. Design conditions of the third accumulator  
The third accumulator basically adopts the same structure and size as the second accumulator. The variable 
volume of the bellows required for the 1 MW proton beam operation is also estimated to be 2.0 L, Tatsumoto et al. 
(2012). The entire variable volume is determined to be more than 6 L to ensure a variable margin of ±2 L during the 
proton beam on or off. As hydrogen safety measures, the maximum allowable pressure rise is determined to be 0.1 
MPa, not to exceed the helium pressure of 1.6 MPa in the heat exchanger. The hydrogen pressure fluctuation is 
mainly caused by the temperature distribution change before and after the proton beam injection. Furthermore, the 
pressure rise is also affected by the compressed helium gas and spring constant of the bellows due to the bellows 
contraction. The equilibrium of force at the accumulator can be described as follows, Tatsumoto et al. (2012): 
   xKKPSPSmg fwwwff ' ''                    (1) 
 
For the third accumulator design, the plate thickness of the welded bellows was increased from 0.4 to 0.8 mm to 
withstand a pressure of up to 2.0 MPa. Therefore, the effect of the spring constant on the pressure rise becomes 
larger. Tatsumoto et al. (2012) developed an analytical model that can predict the pressure rise in the hydrogen loop 
caused by a thermal disturbance and includes the effect of the bellows spring constant shown in Eq. (1). Table 1 
indicates the effects of kw and kf on the pressure rise for the 1 MW proton beam operation. The optimal number of 
the formed bellows to reduce the displacement per block is determined to be 13 blocks, whereas that of the welded 
bellows is 5 blocks, as in the second accumulator. The design spring constant of the welded bellows is determined to 
be less than 402 N/mm, so as to mitigate pressure rise below 60 kPa for the 1 MW proton beam operation where the 
volume change is 2 L. For the strokes corresponding to the volume changes from  6 to 7 L, the values of 'Pw are 
estimated to be 78 to 91 kPa, respectively.  
When blackout and loss of pneumatic pressure simultaneously occur, as mentioned above, the value of 'Pw 
temporarily increases to 0.6 MPa. When a rupture disk goes off, hydrogen is rapidly discharged, and 'Pw is assumed 
to temporarily increase to the operation pressure of 1.5 MPa. Accordingly, we consider that a pressure tolerance of 
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2.0 MPa, corresponding to the design pressure of the hydrogen loop, is required for the welded bellows. The bellows 
cycle to failure is estimated to be 10,000 cycles at a repetitive pressure variation of 2.0 MPa and is more than 
1,000,000 cycles at a repetitive pressure variation of 1.0 MPa. 
When we replaced the previous accumulator with the second one in 2010, the top flange of the cold box of the 
hydrogen loop was hoisted because the accumulator was too large to pass through the maintenance hatch of the cold 
box. The replacement and restoration processes required a total of six weeks. For the design of the third accumulator, 
we adopted a partitionable structure that can divide the accumulator into parts containing the external and internal 
bellows by using a reliable flange and helicoflex seal to shorten the replacement process. 
Table 1. Effect of the spring constant kw and kf on the pressure rise for the 1 MW proton beam operation. 
Pressure rise  
(kPa) 
'Pw/'V  
(Pa/m3) 
Kf + Kw  
(N/mm) 
Kf: 13 series 
(N/mm) 
kf  
(N/mm) 
Kw: 5 series 
(N/mm) 
kw  
(N/mm) 
100 3.70 x 107 270.67 
14.54 189 
256.13 1280.65 
80 2.50 x 107 182.88 168.35 841.73 
60 1.30 x 107 95.10 80.56 402.81 
50 8.00 x 106 58.52 43.98 219.92 
2.3. Manufacturing and installation of the third accumulator 
To ensure that the third accumulator meets design requirements, we built a prototype welded bellows block, 
conducted a cycle test at a repetitive pressure variation of 2.0 MPa, and confirmed that its cycle to failure was 
14,000 cycles, which is higher than design value. 
Fig. 3 shows the manufacturing process of the third accumulator. The levelness accuracy was maintained within 
1° throughout its manufacturing process to avoid welding distortion and excessive contact between the guide ring 
and guide pipe. Fig. 4 shows the expansion displacements from the maximum contraction position for each welded 
bellows (W1–W5) after processes (2) and (3) in Fig. 3. The displacement of the internal bellows was measured by 
placing it on the floor, and then lifting it. The required pressure difference depends on the manner of support of the 
internal bellows, because the bellows position at 'Pw = 0 is affected by its own weight. All welded bellows have 
almost the same spring constant during processes (2) and (3). We confirmed that the welded bellows can expand and 
contract uniformly and smoothly in the 80 mm stroke, which corresponds to a variable volume of 6.85 L. The value 
of kw is approximately 308 N/mm, which is lower than the design value of 402.8 N/mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Manufacturing process of the third accumulator. 
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Fig. 4. Displacement for each welded bellows.                                   Fig.5. Displacement for series connected welded bellows. 
 
Fig. 5 shows the displacement behaviors of the internal bellows’ expansion and contraction during each assembly 
process. We confirmed that the internal bellows can expand and contract smoothly without hysteresis, and the 
gradient agrees with the Kw value of 61.6 N/mm. After connecting to the external bellows, the gradient becomes 
smaller and corresponds to the Kw+Kf value of 76.1 N/mm. The spring constant remains unchanged even after 
installing the third accumulator into the cold box. We also confirmed that the newly developed third accumulator 
can expand and contract smoothly without hysteresis, although the curve shifts to the right because 'Pf increases to 
1.6 MPa at P1 = 1.5 MPa. Finally, as shown in Fig. 5, we confirmed that the pressure difference for the 80 mm 
stroke is 0.78 MPa.  
In November 2013, the third accumulator was installed into the hydrogen loop. The accumulator was replaced in 
less than 20 days by accessing it through the maintenance hatch. This process was shortened by half, compared with 
the replacement time required when the first accumulator had to be hoisted to the top flange of the cold box. 
2.4. Performance test results 
Fig.  6 shows the on-beam commissioning results for a 300 kW proton beam injection. As soon as the proton 
beam is injected, the pressure rise appears, and the accumulator spontaneously contracts. After the feed-forward 
heater control is conducted, the pressure and temperature remain unchanged. We confirmed that the pressure rise is 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Third accumulator.                  (b) Second accumulator. 
Fig. 6. On-beam commissioning results for a 300 kW proton beam operation. 
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Fig. 7. Effect of the proton beam power on the pressure rise. 
 
mitigated to 23 kPa by a bellows contraction of 0.56 L for 300 kW proton beam power, and is similar to that for the 
second accumulator for the 286 kW proton beam power. This is because the measured spring constant for the second 
accumulator becomes larger than the design value due to the large hysteresis as shown in Fig. 2. 
The effect of the proton beam power on the pressure rise is shown in Fig. 7. The predicted pressure rise for the 
second accumulator is estimated by using the measured spring constant shown in Fig. 2. The pressure rise increases 
in proportion to the proton beam power and agrees well with the predicted pressure rise. The analytical result 
indicates that the pressure rise would be 60 kPa for the 1 MW proton beam operation, which is 19% lower than that 
for the second accumulator. Thus, through the commissioning of the third accumulator, we confirmed that it 
satisfied the design requirements. 
3. Conclusion 
A partitionable accumulator with a high pressure tolerance and long lifetime to failure has been developed in 
response to the drawbacks of the current accumulator, including lower pressure tolerance and a large hysteresis 
during expansion and contraction.  
The thickness of the welded bellows plates is increased from 0.4 to 0.8 mm, and the spring constant of the welded 
bellows block is increased to 308.6 N/mm. By testing a prototype welded bellows, we confirmed that the lifetime to 
failure was 14,000 cycles at a repetitive pressure variation of 2.0 MPa. We also assembled a hysteresis-free 
accumulator with a levelness accuracy of less than 1°.  
Finally, the replacement process was shortened by half by adopting a partitionable structure, as compared with 
that for the first accumulator. 
We confirmed through on-beam commissioning with a beam power of less than 300 kW that the pressure rise 
was lower than that for the second accumulator and agreed with the predicted value. The analytical results indicated 
that the pressure rise would be 60 kPa for the 1 MW proton beam operation. Therefore, the newly developed 
accumulator satisfies the design requirements. 
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